pyrazolyl)propanamide, a new lead compound for long-acting analgesia, have been characterized by 1 H-and 13 C-NMR spectroscopy. The crystal structure of the hydrochloride of N-[1-(2-phenylethyl)-4-piperidyl]-N-(1-phenyl-4-pyrazolyl)propanamide monohydrate has been determined. Two centrosymmetrically related cations, joined through C(phenyl)-H … p p contacts, encapsulate a large void that contains pairs of anions and bridged water molecules into a zero-dimensional (0D) supramolecular motif. The cations are linked to this framework via N ؉ H … Cl ؊ contacts. GIAO/B3LYP calculations have been carried out to compare the experimental 13 C chemical shifts with the absolute shieldings thus calculated. The protonation of both molecules takes place on the piperidine ring (axial protonation), as has been verified both in the solid state (X-ray) and in solution (NMR).
4-Anilinopiperidine derivatives have been the subject of considerable interest
due to their analgesic properties. N-[1-(2-Phenylethyl)-4-piperidyl]-N-phenylpropanamide 3) (fentanyl (1), see Fig. 1 ), the clinically most important member of this family, is characterized by very high potency as well as rapid onset and short duration of action. The use of fentanyl via transdermal administration for the treatment of oncologic and chronic pain creates the need for long-acting fentanyl derivatives. [4] [5] [6] [7] The recently published in vivo pharmacological studies 8) of N- [1-(2- phenylethyl)-4-piperidyl]-N-(1phenyl-4-pyrazolyl)propanamide (2) (see Fig. 1 ), a new member of the 4-anilinopiperidine family with long-acting analgesic properties confers on this compound a unique position within this group. In comparison with fentanyl and despite its potent and selective m opioid agonist properties (2, K i ϭ0.032 nM; 1, K i ϭ5.9 nM), 2 was found to be a less potent analgesic in the hot plate test in mice. However, 2 showed a three-fold longer duration of analgesia in this test (2, 360 min; 1, 120 min).
Structure-activity relationship (SAR) studies 1, 2, [9] [10] [11] [12] [13] [14] in the fentanyl series have led to the discovery of compounds with diverse analgesic profiles (carfentanil, alfentanil, sufentanil, lofentanil, mirfentanil, remifentanil, ohmefentanil, 4-methylfentanil, etc.). Among the N-phenylpropanamide group modifications that have been reported, only few heterocyclic (sixmembered rings, pyrroles, and fused-ring types) substitutions of the phenyl ring have been described. 15, 16) The resulting compounds combined another structural modification: the propanamide group was substituted by a methoxyacetamide residue known to confer short duration of action, and these compounds have generally shown weaker analgesic effects than fentanyl. Within this context, the fentanyl analogue 2 has an especially interesting pharmacological profile and deserves more complete structural study.
Despite the importance of fentanyl and the fact that it has been the subject of a large number of structural and conformational studies, [17] [18] [19] [20] [21] [22] [23] the basis of fentanyl binding is still under investigation. 24) According to the Cambridge Crystallographic Database (CSD) 25) the crystal structure of the citrate salt of 1 26) and that of citrate-toluene solvate 27) have been solved. The crystallographic data of the latter compound have been combined with interactive molecular graphics techniques on a series of fentanyl analogues to carry out a comparative conformational analysis (no atomic coordinates for the citrate salt of 1 26) are available). Using PCILO calculations, 306 possible conformations have been found for fentanyl. 28) Subsequently, MM2 and semiempirical AM1 calculations 23) proposed a chair conformation for the piperidine ring with an axial anilide group which agrees with 1 H-and 13 C-NMR spectroscopic data. 29, 30) The crystal structures of various fentanyl derivatives have mainly been reported as part of SAR studies. 25, [31] [32] [33] [34] [35] [36] [37] [38] Recently, the X-ray analysis of the ohmefentanyl derivatives allowed determination of the absolute configuration of stereoisomers of this potent analgesic. 39) Our purpose is to contribute to the structural characterization of fentanyl (1) and its analogue N-[1-(2-phenylethyl)-4-piperidyl]-N-(1-phenyl-4-pyrazolyl)propanamide (2) combining different techniques such as 1 H-and 13 C-NMR spectroscopy, theoretical calculations, and, in the case of the monohydrate of the hydrochloride salt of 2, X-ray crystallography.
Results and Discussion
1 H-and 13 C-NMR Spectroscopy Complete assignments of 1 H-and 13 C-NMR spectra of fentanyl (1), both as a free base and as oxalate (1H ϩ ), are given in Table 1 . These data complete the partial data published previously in the literature. 29, 30) The 1 H-NMR spectra, analyzed from 1 H-1 H shiftcorrelation spectroscopy (COSY) and nuclear Overhauser enhancement spectroscopy (NOESY) experiments provided definite criteria for distinguishing axial and equatorial protons of the piperidine ring. Analysis of the 13 C-NMR spectra was facilitated by the use of heteronuclear multiple-quantum coherence (HMQC). As proposed by previous studies, our NMR data suggest that the chair conformation of the piperidine ring with the 4-anilido group in an equatorial position is the preferred form in solution. The coupling pattern of H-7 and H-8 is consistent with a piperidine nitrogen inversion. A comparative structural analysis between the base and the oxalate reveals strong similarity between the two, indicating that in solution the protonation/deprotonation process is fast in the NMR time scale. This allows the inversion process to take place.
The assignments (chemical shifts, multiplicities, and coupling constants) for protons and carbons of the oxalate salt of fentanyl derivative (2) are reported in Table 2 . The elemental analysis of this compound (see Experimental) confirms that although 2 has two basic centers, N1 and N21, it is a monosalt, HO 2 C-CO 2 2H ؉ . 1 H-NMR evidence, coupled with the 13 C-NMR data and results of 2D-NMR experiments (COSY, NOESY, HMQC) clearly indicate a chair piperidine conformation with the propanamide group in an equatorial position.
This conformation corresponds to that of fentanyl in solution.
Computer simulations provided further support for our assignments (see below). We have carried out GIAO/B3LYP/6-31G* calculations 41, 42) on the bases 1 and 2 and their cations 1H ؉ and 2H ؉ , using the X-ray structures as starting geometries for the optimization. As shown by the structures, the protonation takes place on N1 and the proton occupies an axial position (the phenethyl chain, C7-C8-Ph taking the 930 Vol. 51, No. 8 equatorial orientation). It is possible to compare the effect produced by the protonation (neutral fentanyl in CDCl 3 and in CF 3 CO 2 H) to those reported in the literature for the protonation of N-methylpiperidine: 45) Crystal Structure of Monohydrate Hydrochloride Salt of 2 (2H ؉ Cl ؊ H 2 O) The asymmetric unit of the hydrochloride salt of 2 includes a water molecule, which plays an important role in the crystal packing. The cation presents a similar pattern of bond distances and angles ( Table 3) to that of the parent compound retrieved from the CSD 25) (CSD refcode: PEPCIT10) 27) and only differs slightly in the conformation of the common phenyl ring (Figs. 2a, 3a) . Both substituents of the piperidine ring are arranged in equatorial positions, whereas the protonation occurs at the axial position on N of this ring.
The crystal structure is characterized by macrorings formed by two centrosymmetric cations [of approximate dimensions: N15 … C (9-14; x, y, z)ϭ9.469 and N15 … C(9-14; 1Ϫx, Ϫy, Ϫz)ϭ10.881(2) Å] interconnected via edge-toface H-bonds between the two phenyl groups (Fig. 2) . The large pore of the resulting ring accommodates pairs of anions bridged by water molecules (Ow) in a R 2 4 (8) dimer. 46, 47) Both associations are held together by means of hydrogen bonds, through a strong bond from the axial N-H of the piperidine to the Cl anion and by weak C-H … Cl/Ow interactions ( Fig. 2 ). The structure, as a whole, can be described as a system of layers (2D) perpendicular to a formed by strands (1D) along c (via C-H … p) and C-H … OϭC bonds) and connected along b by means of C-H … Ow contacts (Fig.  4) . Hence Ow and Cl anions are overall a double and quadruple acceptor of hydrogen bonds. The glide of one macroring August 2003 931 
176.4 (2) with respect to the neighboring ones does not allow the formation of channels, and hence pairs of anions bridged by water are encapsulated in cavities which are quite near at c/2. The layers are joined by van der Waals interactions. This packing arrangement appears to correspond to a rather close packing without voids and with a packing coefficient of 0.701.
Hydrogen interactions D-H H … A D … A D-H … A
The bond distances and angles in the R 2 4 (8) dimer and the N ϩ … Cl Ϫ distance is in good agreement with the averaged reported values [48] [49] [50] for organic structures. However, it is noteworthy that the N ϩ … Cl Ϫ lengths are significantly shorter than the reported average value 50) for the (CCC)N ϩ … Cl Ϫ and the Cl Ϫ … Cl Ϫ distance of 4.992(1) Å is at the lowest end of the interchloride distance range for Cl Ϫ ions bridged by a water molecule. 48) The crystal structure of the citrate-toluene solvate of 1 (CSD refcode: PEPCIT10) 27) presents a different hydrogen bond pattern (Fig. 3) . The supramolecular structure consists of a continuous 1D framework built only from anions related by a two-fold screw axis. Each cation is linked to this framework by means of a hydrogen bond from the piperidine NH to one O of the carboxylate group. The unit cell accommodates two centrosymmetrical chains. No atomic coordinates for the citrate of 1 (CSD refcode: FENCIT) 26) are available.
Theoretical Calculations: Geometry and NMR Spectroscopy The geometries of fentanyl 1 and its cation 1H ؉ are very close to the X-ray geometries and very similar between each other: the axial protonation of N1 has little influence on the remaining molecular parameters (distances, bond angles, and torsion angles). The same applies to the calculated and experimental geometries of cation 2H ؉ .
We have calculated, at the GIAO/B3LYP/6-31G* level, the absolute shieldings, s in ppm, of all atoms of 1, 1H ؉ and 2H ؉ . For the 13 The correlation between experimental and calculated chemical shifts is excellent (the same equation holds for the values of 1H ؉ determined using the oxalate in CDCl 3 or the free base in CF 3 CO 2 H): d 13 Cexp.ϭϪ(4.3Ϯ0.9)ϩ(1.087Ϯ0.008)d 13 Ccalc, nϭ51, r 2 ϭ0.997 (1) This confirms that the structures in solution are the same as those calculated, these last ones being almost identical to those determined by X-ray crystallography. The correlation covers a range from the methyl groups at about 10 ppm to the carbonyl ones near 175 ppm and that is partly responsible for the good fit. If one looks at the protonation effects in the case of fentanyl (Ddϭd1H ؉ Ϫd1, in ppm), the agreement is less 932 Vol. 51, No. 8 (2)
The plot shows that four signals are clearly different (C2,6, C3,5, C7, C8). If these carbons are removed, then the correlation improves considerably: From these equations it can be concluded: 1) GIAO calculations overestimate the experimental protonation effects (they must be multiplied by about 0.4); 2) the calculations reproduce the sign and the order of magnitude of the experimental values; and 3) the four carbons that behave differently are the a and b carbons with regard to the protonation site, but it is like that the calculation cannot reproduce these proximity effects adequately.
Experimental
Synthesis Compounds 1 and 2 were synthesized as previously described. 3 13 C nuclei an inverse H-X detection probe equipped with gradients was used.
X-Ray Crystallography A colorless crystal of monohydrate hydrochloride salt with 0.33ϫ0.33ϫ0.50 mm was selected for the X-ray analysis. Selected structural details are listed in Table 4 . The structure was solved by direct methods (Sir97) 51) and the refinement process 52) was carried out on Fo. All hydrogen atoms were located on difference Fourier maps and most were refined isotropically. The final atomic coordinates, thermal displacement pa-rameters, and geometric details were deposited with the Cambridge Crystallographic Data Centre (CCDC 197014) .
Theoretical Calculations The structure of the neutral and protonated forms of fentanyl have been fully optimized with the B3LYP method and the 6-31G* basis set using as a starting point the geometry found in X-ray crystallography. No significant changes were found between the X-ray structure and the calculated one. The theoretical NMR shieldings have been calculated using the GIAO 43, 44) method at the same level used for the geometry optimization. 
